In Gram-negative bacteria, lipoproteins are transported to the outer membrane by the Lol system. In this process, lipoproteins are released from the inner membrane by the ABC transporter LolCDE and passed to LolA, a diffusible periplasmic molecular chaperone. Lipoproteins are then transferred to the outer membrane receptor protein, LolB, for insertion in the outer membrane. Here we describe the discovery and characterization of novel pyridineimidazole compounds that inhibit this process. Escherichia coli mutants resistant to the pyridineimidazoles show no cross-resistance to other classes of antibiotics and map to either the LolC or LolE protein of the LolCDE transporter complex. The pyridineimidazoles were shown to inhibit the LolA-dependent release of the lipoprotein Lpp from E. coli spheroplasts. These results combined with bacterial cytological profiling are consistent with LolCDE-mediated disruption of lipoprotein targeting to the outer membrane as the mode of action of these pyridineimidazoles. The pyridineimidazoles are the first reported inhibitors of the LolCDE complex, a target which has never been exploited for therapeutic intervention. These compounds open the door to further interrogation of the outer membrane lipoprotein transport pathway as a target for antimicrobial therapy.
T
he most distinguishing feature of Gram-negative bacteria is their cell envelope, which is comprised of both an inner and an outer membrane bilayer. The outer membrane has a unique composition of lipoproteins, ␤-barrel proteins, lipopolysaccharides, and phospholipids. Lipoproteins, membrane proteins that are covalently modified with lipids, are involved in a variety of integral cellular functions, such as the synthesis and maintenance of the cell surface and the transport of substrates (reviewed in reference 1). Lipoproteins are synthesized as precursors in the cytoplasm. Upon transit across the inner membrane by either the Sec or Tat machinery, the export signal peptide is cleaved, and attached to its amino terminus is a lipid moiety. This lipid serves as a membrane anchor for the lipoprotein. Some lipoproteins remain in the outer leaflet of the inner membrane, while others must cross the hydrophilic periplasmic space to the outer membrane. This sorting of lipoproteins to the outer membrane is achieved by the Lol system, which consists of five proteins ( Fig. 1 ) (reviewed in reference 1). In this process, lipoproteins destined for the outer membrane are released from the inner membrane by the LolCDE complex, an inner membrane ABC transporter. LolCDE transfers the lipoproteins to LolA, a diffusible periplasmic chaperone (2, 3) . LolA then transfers the lipoprotein to LolB, the outer membrane lipoprotein receptor, which incorporates these lipoproteins into the inner leaflet of the outer membrane (1, 4) . This is in contrast to Grampositive bacteria, which have a single membrane bilayer; therefore, localization of lipoproteins to the cell surface requires only export through the cytoplasmic membrane and acylation (5) .
Infections caused by multidrug-resistant Gram-negative bacteria are a growing threat to human health, and there is an urgent need for new antibacterial agents (6) (7) (8) . All five of the proteins that comprise the Lol system have been shown to be essential for growth of Escherichia coli and are well conserved across the gammaproteobacteria (3, (9) (10) (11) . This system is unique to Gram-negative bacteria and therefore comprises an attractive new target for antibiotics.
Using a high-throughput phenotypic screen for inhibitors of E. coli growth, we discovered a new pyridineimidazole compound with a unique mechanism of inhibition. Using resistance mutation mapping and biochemical transport assays, we found that this compound inhibits the function of the LolCDE complex, blocking the release of outer membrane-specific lipoproteins from the inner membrane, and, as such, represents the first description of inhibitors of this novel and essential Gram-negative target.
MATERIALS AND METHODS
Bacterial strain construction. Gene deletions from the E. coli chromosome were constructed by using Red-mediated recombination as previously described (12) . Briefly, the DNA deletion construct was created by PCR using primers that anneal to the kanamycin resistance cassette of pKD4 and that contain 36-bp regions of homology to the gene being deleted on the 5= ends. To create the tolC deletion, the forward primer 5=-ATCGCGCTAAATACTGCTTCACCACAAGGAATGCAAGTGTAG GCTGGAGCTGCTTCG-3= and the reverse primer 5=-TTACGTTCAGA CGGGGCCGAAGCCCCGTCGTCGTCACATATGAATATCCTCCT TA-3= were used. To create the lpp deletion, the forward primer 5=-CTGG TACTGGGCGCGGTAATCCTGGGTTCTACTCTGGTGTAGGCTGGA GCTGCTTCG-3= and the reverse primer 5=-CTTGCGGTATTTAGTAG CCATGTTGTCCAGACGCTGCATATGAATATCCTCCTTA-3= were used. The waaP deletion was created by using the forward primer 5=-CCAGAAAAAGCCGCGGATATCATTACAGGTGGTTTAGGTG TAGGCTGGAGCTGCTTCG-3= and the reverse primer 5=-AATAAA GTTAGTTCCAGTACATACTAATAAATATTTCATATGAATATCCT CCTTA-3=. The resulting PCR product was purified and electroporated into an E. coli strain BW25113 containing the Red system on plasmid pKD46 (12) . Recombinants were selected on LB agar containing 50 g/ml kanamycin, and chromosomal deletions were verified by PCR. The tolC gene deletion was then moved by P1 phage transduction into E. coli MG1655 (13) . The kanamycin resistance gene was excised from the chromosome by using the FLP recombinase expressed from pCP20, as previously described (12) . The lpp deletion was subsequently moved by P1 phage transduction into this MG1655 ⌬tolC strain. The waaP deletion was moved by P1 phage transduction into E. coli W3110.
High-throughput screening. The AstraZeneca compound collection (ϳ1.2 million compounds) was screened at 10 M in a 384-well plate format for inhibition of growth of an E. coli W3110 ⌬waaP strain, constructed as described above. This strain has a shortened lipopolysaccharide (LPS), rendering it more permeable to some small molecules (14 (15) . Activity against the human lung carcinoma cell line A549 was measured as described previously (16) .
Inhibition of macromolecular synthesis pathways. Inhibition of cell wall, fatty acid, DNA, RNA, and protein biosynthesis was measured as previously described, except that an E. coli W3110 ⌬tolC ⌬lysA strain was used and, to detect inhibition of cell wall biosynthesis, the incorporation of [ 3 H]diaminopimelic acid ([ 3 H]DAP) was measured (17, 18) . Isolation of resistant mutants. Mutants resistant to compound 1 were raised against the E. coli MG1655 ⌬tolC strain and isolated by using compound gradient LB plates (19) . Resistant isolates were passaged onto LB plates twice without selection prior to determining their MICs to compounds 1 and 2 to ensure that they were stably resistant. To determine the frequency of resistance, E. coli ATCC 25922 ⌬tolC cells (100 l at an OD 600 of ϳ3) were plated in triplicate onto MHB II agar plates containing 4ϫ, 8ϫ, 16ϫ, and 32ϫ MIC of compound 1 or 2. In addition, 10-fold serial dilutions of the culture were spread onto plates without selection to determine the total number of bacteria in the sample. The plates were incubated at 37°C for 24 h, and the CFU were subsequently counted. The resistance frequency was calculated as the CFU/ml on the compoundcontaining plates divided by the total CFU/ml of the bacterial culture.
Whole-genome sequencing. Genomic DNA was extracted by using the Promega Maxwell 16 instrument and Maxwell 16 Cell DNA purification kit according to procedures recommended by the manufacturer (Promega, Madison, WI). The resulting DNA was quantitated on a Qubit (38) . Mutations that confer resistance to compound 1 are shown. How LolC and LolE interact with LolD is not known.
2.0 fluorometer using the double-stranded DNA (dsDNA) Broad Range Assay kit (Life Technologies, Grand Island, NY). Five microliters of a 0.3-ng/l solution was used for library generation using the Nextera XT DNA sample preparation kit, and Nextera XT index primers (Illumina, San Diego, CA) were used for library generation. The manufacturer's instructions were followed, except that quantitative PCR (qPCR) was used for library quantification using the Bio-Rad CFX96 cycler with the Kapa BioSytems Library quantification kit (Kapa BioSytems, Woburn, MA). Samples were sequenced on an Illumina MiSeq V2 instrument as 150-base paired-end reads. Assembly and analysis were performed by using CLCBio Genomics Workbench v 6.5 (CLCBio, Cambridge, MA). Detection of single nucleotide polymorphisms (SNPs)/indels was done by mapping to a parent reference assembly.
Spheroplast release assays. E. coli MG1655 ⌬tolC cells were grown in LB medium at 37°C until the culture reached an OD 600 of 1.0. The cells were then converted into spheroplasts as described previously (2). Aliquots (100 l) of suspensions containing 2 ϫ 10 8 spheroplasts were incubated with or without His-tagged LolA (3.5 g) in the presence of DMSO or compound 1 or 2 (1.4 g) at 30°C for 1 min. LB medium (250 l) containing 0.3 M sucrose and 10 g/ml DNase I was then added, and the suspensions were incubated at 30°C for 30 min. After pelleting the spheroplasts by centrifugation at 16,000 ϫ g for 2 min, the medium was diluted 3-fold with 7.15 mM MgCl 2 and was ultracentrifuged at 100,000 ϫ g for 30 min to remove membranes. The supernatants were analyzed by SDS-PAGE and subsequent immunoblotting with anti-Lpp antibody and antiOmpA antibody.
Microscopy. Bacterial cytological profiling was performed by Linnaeus Bioscience as previously described (20) . Briefly, compounds were tested at 5ϫ MIC in E. coli ATCC 25922 cells. Bacteria were grown at 30°C with shaking until the early log phase (OD 600 of between 0.15 and 0.2). Cells were then mixed with the appropriate concentration of the compound and rolled in test tubes at 30°C for 120 min. After exposure to the compound, the cells were stained, concentrated by centrifugation, and observed by microscopy on agarose pads.
RESULTS
Pyridineimidazoles have activity against E. coli and H. influenzae. Over 1.2 million compounds were screened for inhibition of growth of a permeabilized E. coli strain (W3110 ⌬waaP). Following a triage process to remove nonspecific inhibitors, impure compounds, and known antibacterials, a compound with a pyridineimidazole core scaffold (compound 1) was identified for further study (Fig. 2) . Compound 1 has a molecular weight of 335.4, a solubility of 10.25 M, and a measured LogD of 3.22. Compound 1 showed high human serum protein binding (4.5% free). Compound 1 was resynthesized (see the supplemental material) and profiled for its antibacterial activity against both Gram-negative and Gram-positive organisms. While compound 1 showed weak activity against wild-type E. coli ATCC 25922 (32 g/ml), the MIC against an efflux-compromised tolC mutant of this strain was 0.25 g/ml (Table 1) . Compound 1 also showed activity against a wild-type strain of Haemophilus influenzae; however, no activity against other Gram-negative pathogens, such as Pseudomonas aeruginosa, was seen. Since disabling the efflux pump in E. coli improved the MIC by 128-fold, the activity of compound 1 against a strain of P. aeruginosa lacking five efflux pumps (⌬mexABDXY) was tested, but this strain was still not susceptible (Table 1 ). Compound 1 was not active against any of the Gram-positive pathogens tested (data not shown). The activity of compound 1 is specific to bacteria, as no measurable MIC was observed against the yeast Candida albicans (Table 1 ) and no inhibition of the proliferation of the human cell line A549 was observed at 100 M (data not shown). The frequencies of resistance to compound 1 in an E. coli ⌬tolC strain were found to be 1.2 ϫ 10 Ϫ6 at 8ϫ MIC (2 g/ ml), 8.0 ϫ 10 Ϫ7 at 16ϫ MIC (4 g/ml), and 2.3 ϫ 10 Ϫ7 at 32ϫ MIC (8 g/ml). The kinetics of growth inhibition in the presence of compound 1 was also examined. At 8ϫ MIC and higher, there was a 3-log decrease in CFU/ml by 4 h of incubation at 37°C; however, growth began to rebound by 6 h (data not shown).
A close analog to compound 1 with an ortho-methyl substitution off the pyridine (compound 2) showed improved activity against E. coli and H. influenzae (Fig. 2) . The MIC for this analog against wild-type E. coli and H. influenzae decreased by 8-fold, while the MIC against the E. coli ⌬tolC strain fell by at least 4-fold (Table 1) . This analog showed no change in the spectrum of activity compared to the original hit compound (Table 1 and data not shown). Compound 2 also showed no detectable inhibition of A549 cell proliferation and had resistance frequencies in E. coli ⌬tolC cells very similar to those of compound 1 (data not shown).
Mode of action of the pyridineimidazoles. To determine which macromolecular synthesis pathway(s) is affected by the pyridineimidazoles, the inhibition of incorporation (50% inhibitory concentration [IC 50 ]) of cellular pathway-specific radioactive precursors was measured ( Table 2) . Compound 1 was found to exclusively inhibit the incorporation of [ 3 H]diaminopimelic acid, which is a component of the E. coli peptidoglycan, indicating that its activity is related to the inhibition of cell wall biogenesis.
To further define the mode of action of the pyridineimidazoles, mutants resistant to compound 1 were selected with an E. coli MG1655 ⌬tolC strain. The entire genome of 13 stably resistant isolates was sequenced by using the Illumina platform. Results from whole-genome sequencing showed that each of the resistant isolates had a single mutation that resulted in a single amino acid substitution in one of the components of the inner membrane ABC transporter LolCDE. LolCDE is responsible for releasing lipoproteins from the inner membrane that are destined for the outer membrane. There were no additional mutations identified in the reported strains compared with the parental genome. Nine mutants mapped to LolC, resulting in either a Q258L (n ϭ 4) mutation or an N265K (n ϭ 5) mutation. Additionally, three distinct substitutions were found in LolE: I59N (n ϭ 2), P372L (n ϭ 1), and L371P (n ϭ 1). All of these mutations in LolC and LolE are predicted to be near the periplasm/inner membrane interface of these proteins (Fig. 1) . Isolates with each of these LolC or LolE mutations were used to measure the MIC of compounds 1 and 2 as well as a number of other antibacterials of various classes (Table  3) . Large shifts in the MIC were observed for these mutants versus both compounds 1 and 2 (32-fold and greater), which is consistent with these two compounds having the same mode of action. However, the MIC of these LolC and LolE mutant strains against antibiotics that inhibit other pathways showed no change, indicating that these mechanisms of resistance are specific to the pyridineimidazoles. In addition, the LolC and LolE mutants were not more sensitive than the parental strain to membrane-active compounds such as polymyxin, SDS, or EDTA, suggesting that the outer membrane of these mutants is largely intact. The mutants also remained resistant to vancomycin, again indicating that the outer membrane of the mutants was not affected, because E. coli strains with outer membrane defects such as changes in the lipopolysaccharide have been shown to exhibit sensitivity to vancomycin (21) .
One of the most abundant E. coli outer membrane lipoproteins, Lpp, interacts with the peptidoglycan both covalently and noncovalently, where it contributes to the integrity of the cell surface structure (22, 23) . It has been shown that when Lpp accumulates in the inner membrane, due to mutations in the Lpp protein itself, Lpp covalently binds to the peptidoglycan and is lethal for the cell (24, 25) . In fact, mutations in Lpp are one route of resistance to globomycin and myxovirescin, natural-product antibiotics which inhibit signal peptidase II (LspA) that cleaves the signal peptide from lipoproteins, a step in lipoprotein processing that occurs prior to trafficking to the outer membrane (26) (27) (28) . In order to confirm genetically that the pyridineimidazoles inhibit the maturation of the outer membrane, a deletion in lpp was created in an E. coli ⌬tolC background for MIC testing. The MICs of both compounds 1 and 2 for the E. coli ⌬tolC ⌬lpp strain showed at least an 8-fold increase compared to those for the E. coli ⌬tolC strain (Table 3 ). There was no change in the MICs of antibiotics that do not inhibit lipoprotein transport to the outer membrane for the lpp deletion mutant strain, as expected. These data are consistent with compounds 1 and 2 being inhibitors of lipoprotein sorting to the outer membrane. Pyridineimidazoles block lipoprotein release from spheroplasts. The above-described genetic results suggest that the pyridineimidazole compounds 1 and 2 may inhibit bacterial growth by binding the LolCDE complex to block lipoprotein sorting to the outer membrane. To biochemically investigate whether the pyridineimidazoles prevent the trafficking of lipoproteins from the inner membrane, we tested these compounds for inhibition of Lpp release from spheroplasts to purified LolA protein. Spheroplasts contain the inner membrane phospholipid bilayer but lack the periplasmic and outer membrane fractions. For these studies, spheroplasts were prepared from E. coli MG1655 ⌬tolC cells and incubated with purified His-tagged LolA in the presence and absence of the inhibitor compound. Following centrifugation to remove the spheroplasts, the supernatant was analyzed by SDS-PAGE and Western blotting with anti-Lpp antibody. Lipoproteinreleasing activity was measured as the amount of Lpp released from the spheroplasts. The appearance of Lpp in the supernatant was dependent on the presence of both purified LolA and spheroplasts (Fig. 3A) . As shown in Fig. 3A , in the absence of the compound, Lpp was found in the supernatant, indicating that Lpp was released from the spheroplast membrane to the purified LolA protein. However, when either compound 1 or 2 was present, the amount of Lpp recovered was greatly diminished. Compound 2 appears to inhibit the release of Lpp slightly better than compound 1, which is consistent with its more potent cellular activity. Compounds 1 and 2 did not inhibit the release of OmpA from spheroplasts, which indicates that these compounds specifically inhibit the release of lipoproteins and not other outer membrane proteins. To examine the effect of the LolC and LolE mutations that confer resistance to the pyridineimidazoles, spheroplasts were also prepared from two of these resistant E. coli strains. Compounds 1 and 2 were not able to inhibit release of Lpp from spheroplasts formed from either the E. coli MG1655 ⌬tolC LolE(L371P) or LolC(N265K) mutant at the same concentration used to inhibit release from spheroplasts from the susceptible strain (Fig. 3B) . The amount of Lpp released from the LolC and LolE mutant spheroplasts in the presence of compound 1 or 2 was similar to the levels seen with the DMSO control. These data are consistent with compounds 1 and 2 having a mode of action through the LolCDE complex and support the genetic findings that mutations in LolCDE cause resistance to the pyridineimidazoles. Pyridineimidazoles cause morphological changes similar to those caused by globomycin. Previous studies have shown that antibacterial compounds can cause changes in cellular morphology specific to the cellular pathways that they inhibit (20) . To investigate the effects of the pyridineimidazoles on cellular morphology, E. coli cells were treated with compound 1 or 2 at 5ϫ MIC for 120 min. These cells were then subjected to fluorescence microscopy with staining of membranes by FM4-64, 4=,6-diamidino-2-phenylindole (DAPI) to visualize the nucleoid, as well as Sytox green to detect permeabilization of the membrane. Relative to the DMSO control, cells in the presence of compound 1 or 2 were markedly swollen, and the nucleoids appeared to be less condensed (Fig. 4A to C) . The presence of Sytox green staining in the interior of the cells also indicates that the membranes of some of the cells had become permeabilized in the presence of these compounds. The changes in cell morphology seen in the presence of compounds 1 and 2 are quite similar to those seen in the presence of globomycin (Fig. 4D) , consistent with the fact that all these compounds appear to inhibit stages of lipoprotein transport to the outer membrane. These morphological changes are quite different from those caused by other antibiotics that inhibit cell wall biogenesis, such as amdinocillin and aztreonam (Fig. 4E and F) .
DISCUSSION
In the work presented here, a novel pyridineimidazole compound with antibacterial activity against E. coli and H. influenzae was discovered via a high-throughput phenotypic screen. Mutants resistant to the pyridineimidazole compound map to the LolCDE complex, an inner membrane ABC transporter, which suggests that the mode of action of these compounds is to inhibit lipoprotein targeting to the outer membrane. The LolCDE transporter is responsible for releasing lipoproteins from the inner membrane to LolA, a periplasmic lipoprotein-specific molecular chaperone, for transport to the outer membrane. Biochemical assays with spheroplasts and purified LolA confirm the genetic evidence that the pyridineimidazoles directly inhibit the release of lipoproteins from the inner membrane. Experiments with spheroplasts isolated from LolC and LolE mutants resistant to the pyridineimidazoles further suggest that these compounds act through the LolCDE complex. The Gram-negative specificity of the pyridineimidazoles is consistent with this proposed mechanism of action, because Gram-positive bacteria, which lack an outer membrane, do not have such a lipoprotein-sorting pathway. This is the first reported example of an inhibitor of the LolCDE complex.
Growth inhibition by the pyridineimidazole compounds likely occurs by two mechanisms. The first mechanism is the mislocalization of the lipoprotein Lpp to the inner membrane, which is toxic to the cell (25) . In fact, a deletion in lpp leads to an 8-fold increase in the MIC of these compounds. The second mechanism by which the pyridineimidazole compounds likely inhibit growth is via the prevention of essential lipoproteins from being localized to the outer membrane. E. coli encodes at least 90 lipoproteins, most of which are predicted to reside in the outer membrane. The majority of these lipoproteins are of unknown function; however, three outer membrane lipoproteins have been identified as being essential for cell viability (reviewed in reference 1). These lipoproteins are BamD, which is a component of the ␤-barrel assembly machine (BAM) complex and is required for the integration of ␤-barrel proteins into the outer membrane (29-31) ; LptE, which helps mediate the transport of the LPS to the outer surface of the outer membrane (32-34); and LolB, which, as mentioned above, is a component of lipoprotein transport to the outer membrane (4). Additionally, the lipoproteins LpoA and LpoB are essential for the function of PBP1A and PBP1B in peptidoglycan biogenesis (35, 36) . Therefore, an interruption of the transport of lipoproteins to the outer membrane would have consequences for the structure of the cell wall. A similar mechanism of growth inhibition has been proposed for the antibiotics globomycin and myxovirescin, both of which inhibit an upstream step of lipoprotein maturation, namely, the type II signal peptidase that cleaves the signal sequence from the lipoprotein prior to transport by the Lol system to the outer membrane (26) .
The LolCDE complex is composed of one copy each of LolC and LolE and two copies of the LolD ATPase subunit (Fig. 1) (3) . Mutations conferring resistance to the pyridineimidazoles were mapped to both the LolC and LolE proteins. The E. coli LolC and LolE amino acid sequences are similar to one another, with 26% identity (37, 38) . Cross-linking studies suggest that despite their structural similarity, LolC and LolE are functionally different, which is consistent with both proteins being essential for growth (9) . These studies show that LolC interacts with LolA and that LolE interacts with the lipoprotein to mediate lipoprotein transfer from the inner membrane to LolA (39) . Both LolC and LolE are predicted to have 4 transmembrane-spanning (TMS) regions, with a large periplasmic loop between TMS1 and TMS2 and a smaller periplasmic loop between TMS3 and TMS4 (38) . It has been proposed that these periplasmic regions are functionally important for the transfer of lipoproteins from LolE to LolC (38, 40) . All the mutations that were found in the pyridineimidazole-resistant strains are predicted to be near the periplasm/inner membrane interface of LolC and LolE. Both of the mutations found in LolC and one found in LolE are predicted to be in the base of the large periplasmic loop, near the membrane. Two of the LolE mutations (at positions 371 and 372) are predicted to lie at the beginning of TMS4 near the interface with the periplasm (Fig. 1) . Since the crystal structure of the LolCDE complex is not available, it is unknown whether these amino acids constitute a distinct pocket in the quaternary structure to which the compound binds. Given that mutations in two different proteins confer resistance, the pyridineimidazoles may act to prevent crucial interactions between LolC and LolE that are required for the transfer of lipoproteins to LolA. Thus, a mutation in either protein in this interface that prevents the binding of the inhibitor could lead to resistance. It is also possible that these mutations alter the interaction of either LolC or LolE with other components of the Lol system to compensate for the pyridineimidazole binding to another site in the complex.
The data presented here indicate that the pyridineimidazoles inhibit the targeting of lipoproteins to the outer membrane. Several features of this target pathway make it attractive for antibiotic development. One feature is that it exists only in bacteria, so its inhibition would not lead to target-based mammalian toxicity. Another advantage is its largely periplasmic location, which means that inhibitors would not need to cross both membranes to reach their target. The differing physical properties of the inner and outer membranes make it challenging to discover compounds that can efficiently permeate both membranes to reach cytoplasmic targets (41, 42) . Although small-molecule inhibitors of LolA have been described, whether this series is amenable for development for clinical use remains to be seen (43) .
Although their target is attractive, the pyridineimidazole inhibitors require optimization in several ways, the first of which is improving the physical properties of the series. Currently, the low solubility and high protein binding of these compounds are not sufficient for dosing in mammalian systems. Additionally, the spectrum of bacteria against which these compounds are active would need to be increased. Despite the fact that the Lol system is widely conserved across the gammaproteobacteria, activity was seen in only E. coli and H. influenzae. At present, it is not clear why cellular activity was not seen against a wider range of gammaproteobacteria, as the five Lol proteins are highly conserved across species (37) , with the exception of Acinetobacter baumannii, for which no clear homolog of LolC has been identified (44) . Some other clinically relevant gammaproteobacteria, such as P. aeruginosa, are notorious for their resistance to antibiotics due to the impermeability of their outer membranes and active efflux systems. However, a P. aeruginosa mutant lacking 5 genes encoding components of efflux pumps was still not susceptible to the pyridineimidazoles, indicating that efflux cannot fully explain the lack of activity against this organism. Thus, it is possible that the pyridineimidazole compounds do not cross the outer membrane of P. aeruginosa. While the molecular mechanisms by which lipoproteins are targeted to the outer membrane have been extensively studied in E. coli, less is known about the Lol system in other gammaproteobacteria. For example, some work has been done to profile the proteins from P. aeruginosa, which showed that the five P. aeruginosa Lol proteins are responsible for the sorting of lipoproteins to the outer membrane, as in the case of E. coli lipoproteins (45) . However, it was also shown that there are differences between E. coli and P. aeruginosa in the lipoprotein-sorting signals that dictate retention in the inner membrane or transfer to the outer membrane (45, 46) . It is possible that the differences between the E. coli and P. aeruginosa Lol systems are significant enough that the pyridineimidazoles are not active against the P. aeruginosa LolCDE complex. Interestingly, homologs of the Lol proteins in spirochetes such as Borrelia burgdorferi have been described, but their susceptibilities to compounds 1 and 2 are not known (5) .
Another feature limiting the potential of these compounds for therapeutic use is the high frequency (ϳ10 Ϫ6 ) of resistance, which results in single-step resistant mutants displaying large shifts in MICs. Also, there was a rebound of growth during measurement of the kinetics of growth inhibition. Further investigation is required to determine whether these properties of the pyridineimidazoles are intrinsic to the compound series or to the target pathway. Nevertheless, the mechanism of action of this series is clearly an important discovery for antibacterial research, as it will guide a better definition and exploitation of lipoprotein sorting for the discovery and development of other analogs or classes of inhibitors of this pathway.
The current arsenal of antibiotics inhibits only a small number of cellular targets. Given the alarming rise in antibacterial resistance, the discovery of new compounds that inhibit novel cellular targets is crucial. Although the lipoprotein-sorting pathway is essential for growth, its potential for antibiotic therapy has never been realized. This report is the first description of inhibitors of the LolCDE transporter complex by a new lead series with a unique mechanism selective for Gram-negative pathogens. The pyridineimidazoles therefore may have significant promise as new chemical probes of lipoprotein sorting to the outer membrane.
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